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Single GaAs nanowire photovoltaic devices were fabricated utilizing rectifying junctions in the Au-Ga catalytic tip/nanowire contact interface. Current-voltage measurements were performed under simulated Air Mass 1.5 global illumination with the best performance delivering an overall energy conversion efficiency of $2.8% for a nanowire of 70 nm in diameter. As compared with metal contacts directly deposited on top of the nanowire, this nanoscale contact is found to alleviate the well-known Fermi-level pinning to achieve effective formation of Schottky barrier responsible for the superior photovoltaic response. All these illustrate the potency of these versatile nanoscale contact configurations for future technological device applications. Due to the superior electronic transport properties and light-coupling effects, semiconductor nanowires (NWs) such as Si, Ge, and GaAs are widely used as fundamental building blocks for the next generation electronics, optoelectronics, and photovoltaics.
1-5 The synthesis of those NWs usually adopts a well-established vapor-liquid-solid (VLS) and/or vapor-solid-solid (VSS) mechanism, where metal particles, like the most commonly explored gold (Au) nanoclusters, are utilized for the catalytic growth.
1,4,6-8 During the NW nucleation and growth, precursor atoms are diffused through these Au catalysts inducing NW formation at the Au/NW interface; therefore, chemical bonds are formed in this abrupt junction yielding nanoscale metal/NW contacts, which are in distinct contrast to "bulk-contacts" with the weak physical interaction between post-growth deposited metal electrodes and NWs. 9 In bulk contacts, metal-induced gap states often determine the Schottky barrier height in which the interface Fermi level is pinned and no longer moves when metals with different work functions are deposited; in nanoscale contacts, metal-induced gap states are believed to have weaker impact on this pinning due to the electrostatics at reduced dimensions. 9 In this regard, here, we utilize this nanoscale contact scheme on GaAs NWs with Au-Ga alloy catalytic tips to fabricate Schottky barrier photovoltaic devices. As compared with conventional Schottky device structures with Au contacts directly deposited on top of the NW, the tip-contacted devices result in the much higher solar energy conversion efficiency ($2.8% under AM1.5 G illumination), suggesting the effective formation of rectifying junctions in these nanoscale contact interfaces. Interestingly, when normalized to the light absorption cross-sectional area, the short-circuit current density (J sc ) and efficiency (g) are found to scale quasi-linearly with the NW diameters whereas the opencircuit voltage (V oc ) remains relatively constant. All of these further demonstrate the uniform charge transfer or injection across the tip/NW interface and illustrate the technological potency of these nanocontacts for future device applications.
GaAs NWs were prepared by a solid-source chemical vapor deposition (CVD) method as reported previously. 10 Briefly, GaAs powders ($2 g) were heated in the upstream zone (900 C) of a two-zone tube furnace and the Ga and As 2 vapors were carried by H 2 (100 sccm) to the downstream zone of the furnace (600 C), where GaAs NWs are grown via the VLS/VSS mechanism by using the thermally deposited 20 nm Au thin film on Si/SiO 2 substrate (pre-annealed at 800 C for 10 min) as the catalyst for a growth duration of 60 min. The GaAs NWs were cooled down in H 2 atmosphere and were dispersed in ethanol by sonication. Then the GaAs NWs suspension was dropped onto a copper grid for transmission electron microscopy (TEM) and energy-dispersive x-ray spectroscopy (EDS) analysis. In this work, GaAs NWs were first drop-casted onto Si/SiO 2 (50 nm thermally grown) substrates, followed by the definition of electrodes by photolithography, Ni deposition, and lift-off processes. This way, NWs with catalytic tips ("tipped NWs") and without tips (cut down by sonication to become "bare NWs") were randomly distributed into 2 and 5 lm device channels. Importantly, as a comparison, Au electrode was defined by repeating the fabrication processes for the "bare NW" devices to form Ni/NW/Au asymmetric contacts. The fabricated photovoltaic (PV) devices were observed by a scanning electron microscope (SEM) and the corresponding PV performance was measured with an Agilent 4155 C semiconductor analyzer under dark and AM 1.5 G illumination (100 mW/ cm 2 , Newport 96000 solar simulator). In the NW synthesis, a spherical catalytic tip is typically observed among the prepared GaAs NWs, growing dominantly in h111i direction, as shown in Fig. 1(a) . From the EDS spectrum taken in the tip region ( Fig. 1(b) catalytic tip is composed mainly of Au and Ga substituents, which agrees well with the reported VLS/VSS growth mechanism that Ga is precipitated from the Au catalyst, while As is diffused through the tip/NW interface and NW sidewall, due to the low solid solubility of As in Au, to yield the NW formation. 6, 7 As depicted in Fig. 1(c) , the GaAs NW body is found highly stoichiometric with the Ga/As ratio approximating 1:1, without any detectable Au content within the resolution limit of EDS. Notably, oxygen is also identified in the NW body ($10 at. %) which is well-recognized in the VLS/VSS grown GaAs NWs as a result of an amorphous oxide surface layer, 11, 12 in which the oxide layer is further confirmed in the high-resolution TEM image in Fig. 1(a) inset. Since there are abundant interface trapping states between the NW core and the oxide layer, [13] [14] [15] they would also play a key role in the Fermi level pinning of GaAs NWs, in addition to the metal-induced gap states, when contacted with metal electrodes regardless of their difference in the work function. 16, 17 All these mid-gap states would impose substantial challenges to obtain effective electrical contact with NWs for practical applications. In order to investigate the above-mentioned nanoscale contact to GaAs NWs through the alloy catalytic tips, more than 10 tipped NW devices were identified with SEM. As illustrated in Fig. 2(a) , the typical tipped device exhibits a gigantic resistance in dark due to the low intrinsic carrier concentration of grown NWs as well as the improper electrical contacts of the devices. However, upon illumination, these tipped devices exhibit obvious photovoltaic behavior with the measured current normalized to the light collection (channel) area of the NW rather than the cross-sectional area. This particular cell with the NW of 70 nm in diameter delivers a V oc of $0.6 V, a J sc of $11 mA/cm 2 , and a fill factor (FF) of $0.42, which corresponds to an overall energy conversion efficiency of $2.8% under AM 1.5 G illumination (100 mW/cm 2 ). Although a Schottky barrier of $0.6 eV has been recently reported by diffusing the Au atoms into the GaAs tip region, 18 the associated NW Schottky barrier PV effect is observed in our experiment utilizing this efficient nanoscale Schottky formation between the GaAs NW and alloy Au-Ga catalytic tip. As a control experiment, similar asymmetric Ni/NW/Au device structures with the thermal evaporated electrodes were directly deposited on the bare NW, instead of the tip/NW nanocontacts, to obtain the Schottky interface. As shown in Fig. 2(b) , the bare NW device exhibits a much smaller V oc , J sc , and efficiency due to the Fermi level pinning of GaAs NWs at both contacts, which is nearly independent of the work function of metal electrodes. As a result, only an inefficient and a small Schottky barrier is resulted in this asymmetric Ni/Au contact configuration yielding a poor PV effect, as compared with the tipped NW cell fabricated using the effective Schottky contact of Au-Ga alloy tip with GaAs NWs.
To further shed light on the mechanism of this NW Schottky barrier PV effect, energy band diagrams are schematically shown in Fig. 3 by comparing the tipped and bare GaAs NWs. Since there are abundant interface trapping states introduced by the surface oxide layer, the surface Fermi level is pinned near the intrinsic level (E i ) of NWs regardless of the work function of the metal electrodes. Also, as deduced from Fig. 2 , the carrier concentration of grown NWs is found to be low as no intentional dopants were introduced in the NW synthesis. In this case, the energy difference between the Fermi level (E F ) and E i is relatively small; therefore, an inefficient and a small Schottky barrier (quasi-ohmic) is resulted when the bare GaAs NW is electrically contacted with either Ni or Au electrode (Fig. 3(b) ). On the other hand, as shown in Fig.  3(a) , when the GaAs NW is in nanoscale contact with its alloy Au-Ga catalytic tip, due to the presence of atomically abrupt interface with the minimized trap density, the surface E F is believed to be de-pinned achieving an effective formation of Schottky barrier here. This way, a barrier height of $0.52 eV can be purely estimated by U À (v þ E g /2), where U is the work function of Au (5.3 eV), v is the electron affinity of GaAs (4.07 eV), and E g is the bandgap of GaAs (1.42 eV), 19 which is in good agreement with the observed V oc for the tipped NW PV cell. The ability to readily obtain this efficient Schottky barrier formation with catalytic tips plays an essential role in achieving this superior PV performance of the tipped devices.
Meanwhile, when NW diameters of the tipped devices vary, both the J sc and FF scale quasi-linearly and the V oc stays relatively constant with the diameters (Fig. 4) . It is mainly attributed to the reduced contact resistance and higher light absorption efficiency by larger diameter NWs while the Schottky height remains the same. Specifically, when the NW diameter is increased by $2Â, the photon absorption (channel) area also goes up by $2Â, but the total absorption volume is enlarged by $4Â, assuming the thickness of NW is smaller than the photon penetration depth; therefore, the J sc is expected to change linearly with the NW diameters. At the same time, when the NW becomes thicker, the influence of surface recombination becomes less significant for the less surface-area-to-volume ratio; therefore, it would result less surface-related leakage and the FF would increase accordingly. Notably, when the diameter is larger than 80 nm, no significant PV behavior is observed, and this is believed due to the large concentration of free electrons in thick GaAs NWs, 15 which degrades the photogenerated holecurrent through recombination processes. Moreover, the PV efficiency is also found to scale inversely with the channel length as a result of the more surface recombination for the longer channels. All these experimental findings can demonstrate the uniform charge transfer and injection across the nanoscale contacts via catalytic tips. More importantly, it should be noted that this achieved efficiency ($2.8%) is comparable to the intentionally doped p-n junction GaAs NW solar cells, 20, 21 which further illustrates the advantages of this simple preparation method of GaAs NWs as well as the facile fabrication process of efficient NW Schottky barrier PV cells for the next generation high-performance, lowcost photovoltaics.
In summary, nanoscale Schottky contacts of GaAs NWs with their Au-Ga alloy catalytic tips are observed and utilized for photovoltaic devices. The corresponding NW PV cells are then fabricated with the best performance of V oc $ 0.6 V, J sc $ 11 mA/cm 2 , FF $ 0.42, and efficiency $ 2.8% for a NW diameter of 70 nm. The efficiency might be further improved by minimizing the inactive GaAs NW channel, suggesting the potency of this efficient Schottky barrier PV cell configuration in the large-area applications. 
